We use a neutron spin-echo method with µeV resolution to determine the life- 
The concept of elementary excitations is one of the basic pillars of the theory of solids.
In the low-temperature, long-wavelength limit, such excitations do not interact and have an infinite lifetime. For nonzero temperatures and momenta, the lifetimes of elementary excita- these activities ground to a halt by the mid-1970's due to the lack of appropriate experimental data, namely, from momentum-resolved measurements with sufficient energy resolution. The only low-temperature data available were taken with q ∼ = 0, in antiferromagnetic resonance (AFMR) and parallel pumping measurements [1, 2] . Because of the limited energy resolution, momentum-resolved data from neutron spectroscopy [3] , on the other hand, were confined to the critical regime extremely close to the Néel temperature (T N ), where most theories do not apply. Until recently, no other experimental techniques were available which permitted highresolution measurements of excitation lifetimes at low temperatures over the whole Brillouin zone. We report on a new neutron spectroscopy method with µeV resolution which is used to measure spin wave (magnon) lifetimes in the prototypical antiferromagnet MnF 2 over the temperature range from 0.04 -0.6 T N . The results subject long-standing theoretical predictions to a first experimental test and hold promise as a novel probe of elementary excitations in quantum magnets. The technique is also widely applicable to other elementary excitations such as phonons and crystal field excitations.
The determination of magnon lifetimes at low temperatures requires an energy resolution in the µeV range, about two orders of magnitude better than that achievable by standard neutron triple-axis spectroscopy (TAS). We have obtained the requisite gain in resolution by manipulating the Larmor phase of the neutron spin with magnetic fields. The TRISP spectrometer (Fig. 1A) weds the capability of TAS of accessing collective excitations throughout the Brillouin zone to the extremely high energy resolution of neutron spin-echo spectroscopy [5] . As in typical spin-polarized triple-axis spectrometry, the neutrons impinging upon the sample are polarized, and the polarization of neutrons scattered from the sample is measured. On TRISP, this is accomplished through the use of a polarizing neutron guide and a transmission polarizer, respectively. However, in analogy to neutron spin-echo spectrometry, the TRISP spectrometer also includes regions of effectively constant magnetic field which are produced by pairs of radio-frequency (RF) resonance coils inserted symmetrically 1) between the monochromator and sample and 2) between the sample and the analyzer [6] . The RF frequencies in the coils are tuned such that each detected neutron that creates an excitation lying on the magnon dispersion curve has the same net Larmor phase after traversing the two spin-echo arms, independent of small variations in the wave vector of the excitation. The neutron spin polarization determined at the detector is then a measure of the linewidth (inverse lifetime) of the magnon. In this way, the measured linewidth is decoupled (to first order) from the spread in energy of the neutrons incident on the sample, which is responsible for the instrumental resolution in TAS. between second-nearest-neighbor Mn 2+ spins (corner and center spins) and is antiferromagnetic [7] . A weaker, ferromagnetic interaction exists between nearest-neighbor spins (along the caxis). A relatively strong uniaxial anisotropy which is predominantly the result of dipole-dipole interactions [8, 9] causes the spins to align along the c-axis. T N is 67.6 K. The slope of the magnon dispersion is required to set the tilt angles of the RF coils and to determine the nonintrinsic contribution to the data (see Materials and Methods). During the experiment, the spinwave dispersion was therefore measured at each temperature at which linewidth data was taken; a partial data set is shown in Fig. 1C . The raw data were then corrected for instrumental and non-intrinsic effects [11] . 
where ǫ q is the magnon energy, q * = 2πq/a, µ * = 2.969Å 2 , ρ * = 5. Given the prominence of the magnon-magnon scattering channel in the literature, the excellent agreement between this model calculation and the experimental data is surprising. The dominance of the relaxation by longitudinal fluctuations is, however, consistent with arguments by Reinecke and Stinchcombe, who estimated that the contribution to the linewidth from 4-magnon scattering is only 1/z of the magnitude of the above term [18] . Here, z is the number of neighbors which experience the strongest exchange interaction; z = 8 for MnF 2 , for which case z is the number of next-nearest neighbors [19] . As the analytical expression on which the curves in Figs. 3 and 4 are based is valid only at low q, deviation from the data at larger q is not unexpected. The general expression for the linewidth resulting from scattering by longitudinal spin fluctuations [14, 15] should be evaluated numerically at high q to see if the peak as a function of q can be reproduced [33, 34] .
An explanation of the peak centered at q ∼ 0.1 r.l.u. (inset in Fig. 3 ) requires a different mechanism [20] . An additional potential source of linewidth is the hyperfine interaction, which gives rise to the scattering of electronic magnons from nuclear spin fluctuations [21] .
The contribution from the hyperfine interaction would only be weakly temperature dependent, because the nuclear spin system is already highly disordered thermally at 3 K. 4-magnon scattering terms in which one electronic and one nuclear magnon interact have indeed been shown to generate maxima in the linewidth at nonzero q, but estimates of the amplitude of this contribution are at least an order of magnitude smaller than the observed effect [21] . The crossing of magnon and TA phonon modes at q ∼ = 0.04 r.l.u. may also contribute to the peak [22, 23, 24 ].
An additional relaxation mechanism which must be considered as a possible source of linewidth is that of magnon-phonon scattering. Experimental estimates of the linewidth due to magnonphonon relaxation in MnF 2 in zero field range over three orders of magnitude, but again appear too small to explain the observed peak [25, 26, 27] . A theoretical estimate of the spin-lattice relaxation time (which should be of the same order of magnitude as the magnon-phonon relaxation times) corresponds to a linewidth of ∼ 0.5 µeV at 25 K in MnF 2 [28, 29] . In this theory, the magnon-phonon interaction arises from the phonon modulation of the exchange interaction, and is dominated by 2-magnon-1-phonon processes. The result varies as T 5 , which corresponds to a linewidth of 1 µeV at 30 K and 5 µeV at 40 K. The maximum potential contribution to our data would then be ∼ 60% of the linewidth at q = 0 and 40 K. Other mechanisms which may contribute to the presence of this peak include 2-and 3-magnon non-momentum-conserving processes which originate from scattering from defects [30, 31, 21] . The linewidth originating from the latter process is peaked at intermediate q. Using parameters derived from comparison with data on RbMnF 3 , its contribution in MnF 2 can be estimated to be two orders of magnitude smaller than the data [31] .
The challenge to theory posed by the temperature-and momentum-dependent peaks in the magnon linewidth in MnF 2 should stimulate new activity in the field of spin wave decay mechanisms. High-resolution lifetime measurements over the full Brillouin zone in a relatively simple antiferromagnet such as MnF 2 permit detailed evaluation of proposed processes, which should provide a basis for addressing such interactions in more complex magnetic systems.
if at all. Here, we have treated these conditions as if they involved simple inequalities, and have plotted the four solutions which apply to different temperature regions together.
[ The magnon dispersion along the q c direction at three selected temperatures at and below 40 K. The data was taken on TRISP during the course of the linewidth measurements. The curves show the results of fits based on the same spin-wave result used by Okazaki et al. [7] , in which the anisotropy is expressed by a single-ion form, and in which the interactions of up to third-nearest neighbors are taken into account. The curves show theoretical expressions from Refs. [14] and [15] (see text). Two different theoretical expressions are valid for the small-q case, depending on the magnitude of q relative to the anisotropy energy. Both expressions apply only to small q; Stinchcombe and Reinecke have applied one of them to data extending up to q = 0.2 r.l.u. for MnF 2 near T N [15] . However, except at q = 0, the theory provides an excellent fit to the data as a function of q up to q ∼ 0.35 r.l.u., both in the magnitude and in the q-dependence. Fig. 3 , data taken at 3 K has been subtracted. For 0.1 ≤ q ≤ 0.35 r.l.u., the curves show theoretical results from Ref. [15] . For q = 0, results from Harris et al. are plotted [12] .
